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ABSTRACT 
 
The practical approach to produce sustainable, biobased, biodegradable and 
ecofriendly blends and nanocomposites with tailored material properties is 
reported in this paper. The aim of study is to investigate the effect of blending 
and addition of heterogeneous nucleating agents based on lignin-coated 
cellulose nanocrystals (L-CNCs) on the properties of poly(lactic acid) (PLA) 
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) blends and 
nanocomposites. The crystallization behaviour, morphology, impact strength 
and heat deflection temperature of neat PLA, blends and nanocomposites were 
investigated. Masterbatches were prepared by melt mixing using an internal 
mixer and further then were standard tensile test bars injection molded. The 
results showed that both property modifiers (PHBV and L-CNC) had 
significant influence on PLA material properties. Crystallinity of resulted 
samples has been improved. Morphology examinations showed PHBV well 
dispersed in PLA phase in form of droplet like particles in nanometre range. 
An increase of impact strength and heat deflection temperature (HDT) has 
been observed. 
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Introduction 
 
Increasing interest in biobased and biodegradable polymers is primarily caused 
by rising concerns over environmental issues, sustainability and dependency 
on decreasing petroleum resources [1]. The interest on these biopolymers is 
also considerable in the prospect of limiting plastics waste disposal through 
non-toxic degradation [2]. 
The most commonly used biopolymer, poly(lactic acid) (PLA) can be 
synthesized by either ring-opening polymerization of lactide or condensation 
polymerization of lactic acid monomers that are produced from renewable 
resources such as corn and sugarcane via fermentation process [3]. PLA is 
biobased, biodegradable and biocompatible aliphatic thermoplastic polyester 
with excellent melt-processability, transparency, high strength (50-70 MPa) 
and modulus (3 GPa). In addition, PLA is industrially scalable and 
commercially available at affordable cost. It has been studied and used in a 
wide variety of applications such as packaging, biomedical and automotive [4]. 
However, still faces important industrial problems such as a slow 
crystallization rate, hydrolytic degradation, low thermal stability and inherent 
brittleness to compete with synthetic commodity polymers [5]. With a view of 
sustainable development of science and technology, these problems need to be 
improved in order to widen PLA application possibilities. 
The effective, practical and economical concept how to improve 
polymer properties is blending with other polymers. Incorporation of biobased 
and biodegradable polymers is desired in development of sustainable polymer 
blends [6]. Blending can substantially modify PLA mechanical and thermal 
properties, biodegradation rate and permeability [7]. Polyhydroxyalkanoates 
(PHAs) belongs to a group of linear polyesters that are produced in nature by 
bacterial fermentation of sugars and lipids. They are synthesized as 
intracellular carbon storage compounds and energy reserves in a various 
bacteria. PHAs are widely used in various biomedical applications due to their 
excellent biocompatibility and biodegradability [8]-[9]. The most important 
PHAs are poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV). PHB is a highly crystalline and brittle polymer with 
high melting point and stiffness. To enhance higher flexibility and melt 
processing capabilities is PHB copolymerized with 3-hydroxyvalerate (HV). 
Resulting PHBV is a copolymer of PHB with randomly arranged 3-
hydroxybutyrate (HB) groups and 3-hydroxyvalarate (HV) groups [6]-[9]-
[10]. Copolymer shows increase of elongation at break, lowering of Young´s 
modulus, crystallinity and melting temperature with increasing HV group 
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content [11]. Several authors focused their efforts to improve properties of 
PLA via blending with various PHAs [6]-[9]-[12]-[13]-[14]-[15]. 
Conventional processing (injection molding and thermoforming) results 
industrially in PLA products with very low crystallinity state. 
 
 
Figure 1: Chemical structure of PLA (a) and PHBV (b) [16] 
 
An efficient approach how to improve PLA properties, especially 
crystallization rate through increasing nucleation density during industrial 
processing is incorporation of heterogeneous nucleating agents [17]-[18]. 
However, there are several types of heterogeneous nucleating agents used in 
PLA processing, those based on biobased resources with triggered 
biodegradability and biocompatibility are highly desired. Severeal authors 
used biobased nucleants to enhance crystallization rate of PLA [3]-[19]-[20].  
Cellulose nanocrystals (CNCs) are one of the most emerging and 
promising heterogeneous nucleants for PLA due to their interesting properties 
and biobased origin. Cellulose (C6H11O5)n is a linear chain polysaccharide and 
most abundant organic compound affecting the Earth's surface. In nature exist 
in form of cellulose microfibrils, formed by side-by-side arrangement of 
strings of cellulose crystallites, linked along the chain axis by amorphous 
domains. CNCs are produced using a top-down mechanically or chemically 
induced deconstructing strategy of hierarchical cellulose structure by 
hydrolysis of amorphous domains. Typical dimensions of CNCs ranging from 
3-5 nm in width and 50-500 nm in length. CNC have unique properties such 
as high axial stiffness (~ 150 GPa), high tensile strength (~ 7.5 GPa), low 
coefficient of thermal expansion (~ 1 ppm/K), thermal stability up to ~ 300 °C, 
high aspect ratio (~ 10-100), low density (~ 1.6 g/cm3) and reactive surface 
composed of hydroxyl groups (-OH) [21]-[22]-[23]. In despite of those 
interesting properties, poor dispersion and distribution of CNCs in PLA limit 
the potential of mechanical reinforcement and nucleation density capabilities. 
Intra- and inter-molecular hydrogen bonds between CNCs tend to form 
bundles in presence of non-polar polymers like PLA.  
Different strategies has been reported to solve this problem, among 
them the most promising are silanization, grafting of PLA on CNCs surface 
based on the “grafting from” approach, i.e., a surface-initiated ring opening 
polymerization (SI-ROP) and lignin coating [5]-[24]-[25]-[26]-[27]. In this 
paper, novel, commercially available and biobased hydrophobic lignin coated 
cellulose nanocrystals (L-CNCs) has been used. The single commercial-scale 
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process and cost-effective production of CNC with possibilities of lignin 
coated hydrophobic versions (L-CNC) was developed by American Process 
Inc. (API) (USA). Thin layer of lignin is deposited through electrostatic and 
Van der Waals interaction on CNCs surface and further than are L-CNCs spray 
dried [22].  
 
 
Figure 2: Examples of cellulose-synthesizing organisms and cellulose 
chemical structure [28] 
 
Experimental 
 
Materials 
Commercial grade PLA (Ingeo™ 3251D) in pellet form was purchased from 
Nature Works LLC (USA). PHBV (ENMAT™ Y1000P) in powder form was 
purchased from Tianan Biologic Material Company LTD. (China). Spray dried 
lignin coated cellulose nanocrystals (L-CNC) (BioPlus-LTM Crystals) having 
an average particle size of 4-5 nm in width and 50-500 nm in length  was 
purchased from American Process Inc. (USA).   
 
Processing 
The aim of the study was to use PLA as primary matrix material and PHBV 
and L-CNC as property modifiers. Prior to processing, PLA pellets were dried 
overnight in laboratory oven (55°C, 12 h.). PHBV and L-CNC powders were 
dried in an oven at 70°C overnight. Pure PLA, PLA/PHBV blends, PLA/L-
CNC nanocomposites and PLA/PHBV/L-CNC nanocomposite blends were 
prepared by melt mixing using a CT Internal Mixer (MX 75) (Thailand) 
equipped with roller type rotors. At first PLA pellets were added to mixing 
chamber at temperature 170°C with a rotor speed 50 rpm. Further than in case 
of blends were added powdered PHBV, L-CNC in case of nanocomposites and 
both in case of nanocomposite blends to reach desired concentrations. Samples 
were let mixing for 7-10 min until steady state torque was reached. Pure PLA 
masterbatch was prepared in same way to undergo same preparation 
conditions. For each sample type were prepared 300 g masterbatches. 
Masterbatches were then crushed at shear mill (RETSCH SM 300) (Germany) 
to pellet like particle size and mixed in desired concentration with pure PLA 
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pellets. Prior to injection molding were materials dried in Maguire Low 
Pressure Dryer (LPD 100) (USA) under the following conditions: temperature 
80°C, time 240 min, vacuum 0.8 bar. Standard tensile test bars were injection 
molded according to ISO 527 on injection molding machine (ARBURG 270S 
400-100) (Germany) with increasing temperature profile (165 °C up to 190 °C) 
of the melting chamber.  
Resulted samples are depicted under code names with final concentrations in 
Table 1. In case of nanocomposite blends was 1 wt. % of L-CNCs in a final 
blend mixture calculated always over 100 wt. % of a blend. 
 
Table 1: PLA, nanocomposites and nanocomposite blends concentrations 
Sample Code 
Composition (wt.%) 
PLA PHBV L-CNC 
PLA 100 - - 
PLA/L-CNC (99/1) 99 - 1 
PLA/PHBV (90/10) 90 10 - 
PLA/PHBV/L-CNC 
(90/10/1) 
90 10 1 
PLA/PHBV (80/20) 80 20 - 
PLA/PHBV/L-CNC 
(80/20/1) 
80 20 1 
 
Characterization 
Study of crystallization was conducted by differential scanning calorimetry 
(DSC) Mettler Toledo DSC 1/700 calorimeter (Switzerland) according to ISO 
11357. The samples amount 8 - 11 mg were sealed in an aluminium pan and 
heated to 200 °C and kept isothermal for 5 min to remove previous thermal 
history, then cooled again. The second heating-cooling cycle analysis run at 10 
°C min-1 heating/cooling ramp in a nitrogen atmosphere (flow rate 50 ml·min-
1) to determine thermal transitions: glass transition (Tg), cold crystallization 
(Tcc1 and Tcc2) and melting (Tf) temperatures and enthalpies (Hcc1, Hcc2, Hf). 
Since PLA 3251D is designed for high melt flow applications and has very 
slow nucleation and crystallization rates, the samples have very low degree of 
crystallinity. The crystalline fraction C (%) of PLA, blends and 
nanocomposite samples was calculated by following equation [29]: 
 ZZ  
 
      (1) 
where Hf is enthalpy of fusion and  
Hcc is enthalpy of cold crystallization, both determined by DSC. H0f is 
melting enthalpy of 100% crystallized polymer (PLA: H0f = 93 J·g-1 [30] and 
0
(%) 100
f cc
C
f m
H H
H W

 
 
 
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PHBV: H0f = 109 J·g-1 [31]) and Wm is the weight fraction of PLA and PHBV 
in blend.  
The total theoretical enthalpy of fusion Hf of blends can be calculated 
according to additive mixing rule expressed by equation (2). 
  
f f PLA m PLA f PHBV m PHBVH H W H W                 (2)  
 
where Hf-PLA and Hf-PHBV are the enthalpies of melting of pure PLA and 
PHBV measured by DSC, Wm-PLA and Wm-PHBV are weight fraction of PLA and 
PHBV in a blend. For most of the blends the experimental data coincide with 
the theoretical enthalpy calculated according to the simple mixing rule. 
The scanning electron microscope (SEM) examination of prepared 
samples was conducted on Carl Zeiss ULTRA Plus (Germany). Examined 
surfaces were taken from middle cross-section of cryo-fractured tensile bars. 
Impact properties of injection molded tensile bars were prepared and 
measured according to ISO 179-1/1eU (unnotched) on CEAST Resil 5.5 (Italy) 
at room temperature 23°C. 
The Heat Deflection Temperature (HDT) measurements were 
conducted according to ISO 75 (method A) on HDT-KSP analyzer (Czech 
Republic) at heating rate of 120°C h-1. Samples were heated from room 
temperature to desired temperature in a three point bending cantilever. 
 
Results and discussion 
 
DSC 
Differential scanning calorimetry was used to investigate the effect of 
blending and addition of heterogeneous nucleating agents based on L-CNCs  
on the glass transition, non-isothermal crystallization and melting phenomena 
of blends, nanocomposites and nanocomposite blends. Resulted DSC scans 
(Figure 3) were taken from second heating step to remove previous thermal 
history of sample processing. Cooling scans are depicted in Figure 4 and 
thermal parameters are summarized in Table 2. During heating of samples was 
observed the glass transition temperature (Tg), the primary peak cold 
crystallization temperature (Tcc1), further secondary peak cold crystallization 
temperature (Tcc2) and melting temperature (Tm). Cold crystallization (Hcc) 
(recrystallization) is represented by exothermic peak that is caused by absorbed 
enthalpy during crystal growth. Such cold crystallization of material is related 
to rapid cooling of the melt in the mould cavity during industrial injection 
molding process. It negatively influenced not only the structure change and 
material properties but also shape and dimensional instabilities of injected 
parts. Results of second heating scans are depicted in Figure 3, cooling scans 
are depicted in Figure 4 and thermal parameters are summarized in Table 2. 
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Slight decrease of Tg of PLA from 60,7°C for pure PLA to 57±0,5 for 
PLA/PHBV blends and PLA/PHBV/L-CNC nanocomposite blends has been 
observed during second heating scan (Figure 3). This decrease of Tg can be 
understood as an increase of compatibility or partial miscibility of PLA/PHBV 
blends due to shift of PLA Tg towards PHBV Tg (around 5°C). Same decrease 
has been observed by Gerard and Budtova [12]. As can be seen in Figure 3 
addition of L-CNC (1 wt. %) increases the degree of crystallinity (C) but also 
lowers the cold crystallization enthalpy (ΔHcc) which slips to the lower 
temperatures or more precisely it lowers its temperature interval. An increase 
of C from 4,6 % for pure PLA to 10.1 % for PLA/L-CNC has been observed. 
Degree of crystallinity calculation of PLA phase and PHBV phase in blends 
and PLA/PHBV/L-CNC nanocomposite blends is due to overlapping of 
melting enthalpies (ΔHf) challenging and both equation (1) and equation (2) 
has been applied. However this calculations are not precise and results need to 
be verified by X-ray Diffraction (XRD) in further studies. Even higher shift to 
lower temperatures has been observed in cold crystallization peak for both 
PLA/PHBV blends and PLA/PHBV/L-CNC nanocomposite blends can be 
seen in Figure 3 and Table 2. In the cooling scans (Figure 4), the exothermic 
peaks with nearly no intensity were observed for all samples based on PLA, 
indicating a rather low crystallization capability.  
 
Figure 3: DSC second heating scans 
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Figure 4: DSC cooling scans 
 
Table 2: Thermal parameters of samples derived from the cooling and second 
heating DSC scans 
 
  
Tm 
[°C] 
ΔHf 
[J·g-1] 
ΔHcc1 
[J·g-1] 
Δ Hcc2 
[J·g-1] 
ΔHC 
[J·g-
1] 
C 
 
PLA 169.7 29.7 24.6 0.8 0.2 4.6 
PLA/L-CNC 
(99/1) 
170.4 38.4 27.2 1.9 0.9 10.1 
PLA/PHBV 
(90/10) 
169.0 39.3 24.7 1.0 0.6 
9.2 PLA 
4.6 PHBV 
PLA/PHBV/L-
CNC (90/10/1) 
169.0 38.4 23.1 1.2 1.6 
12.1 PLA 
4.7 PHBV 
PLA/PHBV 
(80/20) 
168.8 37.5 22.0 1.2 1,7 
2.8 PLA 
10.8 
PHBV 
PLA/PHBV/L-
CNC 
(80/20/1) 
169.1 37.2 21.2 1.1 1.0 
3.2 PLA 
10.9 
PHBV 
PHBV 171.6 84.7 - - 69.0 77.7 
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Morphology 
Scanning electron microscopy (SEM) was used to study L-CNCs powder and 
the morphological features of pure PLA, PLA/L-CNC nanocomposites, 
PLA/PHBV blends and PLA/PHBV/L-CNC nanocomposite blends. The 
micrographs are shown in Figure 5, Figure 6 and Figure 7 respectively. Figure 
5a shows L-CNCs bundle that is formed during spray drying process and its 
surface composed of individual L-CNCs (Figure 5b). 
  
Figure 5: SEM micrographs of L-CNCs bundle (a) and individual L-CNCs on 
bundle surface (b) 
It can be seen that pure PLA shows a typical fracture surface of an amorphous 
polymer (Figure 6a). In Figure 6b can be clearly seen fractured  
L-CNCs bundle that was insufficiently dispersed during nanocomposite 
processing. In this case an insufficient mechanical energy was applied to 
separate and disperse individual particles in viscous polymer. Limiting SEM 
resolution is also challenging during identification of individualized L-CNCs 
in fractured samples.  
 
Figure 6: SEM cryo-fractured micrographs of PLA (a) and PLA/L-CNC (b) 
PLA/PHBV blends (Figure 7a ) and PLA/PHBV/L-CNC nanocomposite 
blends (Figure 7b) exhibit PHBV well dispersed in PLA phase as a small 
droplet like particles in nanometre range. Same phenomenon was previously 
observed by Gerard et al. [12]-[32]. Due to the similar structure of both 
polyesters, distinguishing PLA phase from PHBV phase is challenging. 
  
a b 
a b 
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Figure 6: SEM cryo-fractured micrographs of PLA/PHBV (90/10) (a) and 
PLA/PHBV/L-CNC (80/20/1) (b) 
Impact properties 
Pure PLA with low crystallinity degree (4.6 %) is very brittle amorphous 
polymer. As Figure 7 shows the impact performance of PLA can be 
significantly influenced by the addition of L-CNC (1 wt. %). Resulted PLA/L-
CNC nanocomposites showed an increase in crystallinity (see Table 2) and 
impact strength over pure PLA by approx. 27 %. Nearly same result has been 
observed for PLA/PHBV (90/10) blends. The highest increase in impact 
strength by 42% over pure PLA has been observed for  
PLA/PHBV/L-CNC (90/10/1) nanocomposite blends. However, with higher 
content of minor PHBV phase (20 wt. %) impact strength of blends and 
nanocomposite blends started to decrease.  
 
Figure 7: Unnotched (1eU) Charpy impact strength 
 
HDT properties 
Heat Deflection Temperature (HDT) represents the upper working temperature 
limit of a plastic material. Method A was used (constant flexural stress of 1,80 
MPa) to study resulted samples. Tsuji and Ikada [33] reported that heat 
resistance of pure PLA molded samples is known to be around Tg, because the 
crystallinity is very low under industrial molding conditions due to lower 
crystallization rate at higher cooling rate. This also corresponds with results of 
a b 
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Kawamoto, et al. [34]. As can be seen in Figure 8 Tg and C are significant 
factors that affect HDT. With increased  Tg and C  (see Table 2) increased also 
HDT. The highest HDT has been observed for PLA/PHBV/ 
L-CNC (90/10/1) nanocomposite blends. An increase of 16 % has been 
observed over pure PLA.  
 
Figure 8: Heat Deflection Temperature 
 
 
Conclusion 
Sustainable, biobased and biodegradable blends and nanocomposites with 
improved crystallinity, impact strength and heat deflection temperature have 
been successfully developed. The PHBV blending approach and addition of L-
CNC heterogeneous nucleating agents increases the degree of crystallinity (C) 
of PLA phase but also lowers the cold crystallization enthalpy (ΔHcc) which 
slips to the lower temperatures or more precisely it lowers its temperature 
interval. At least partial miscibility occurs through shifting Tg of PLA blends 
and nanocomposite blends towards Tg of PHBV. Morphology studies of 
PLA/PHBV blends and PLA/PHBV/L-CNC nanocomposite blends exhibit 
PHBV well dispersed in PLA phase as a small droplet like particles in 
nanometre range. Inherent brittleness and low thermal stability has been 
improved. The highest increase in impact strength by 42% over pure PLA has 
been observed for PLA/PHBV/L-CNC (90/10/1) nanocomposite blends. Same 
material exhibited highest increase of HDT (16 %) over pure PLA. 
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